The SufBCD complex is an essential component of the SUF machinery of [Fe-S] cluster biogenesis in many organisms. We show here that in Mycobacterium tuberculosis the formation of this complex is dependent on the protein splicing of SufB, suggesting that this process is a potential new target for antituberculous drugs.
The worldwide recrudescence of tuberculosis has been associated with the emergence of multidrug-resistant strains of Mycobacterium tuberculosis, its causative agent. This alarming situation has reinforced the need for the urgent development of new antituberculous drugs targeting novel and specific mycobacterial functions.
In a recent work (7), we have identified the M. tuberculosis SUF (mobilization of sulfur) machinery as the unique and essential system of [Fe-S] cluster assembly in mycobacteria. This system is required for the maturation of physiologically important metalloproteins and plays an important role in the resistance to iron limitation and oxidative stress. It is encoded by a mycobacterial operon of seven genes, Rv1460 to Rv1466 (according to the M. tuberculosis genome annotation [5] ), among which Rv1461 encoding the highly conserved SufB protein (7) is interrupted by an intein coding sequence (15) .
In the present study, we show the inability of the unspliced SufB protein to play its role in the SUF machinery owing to its inability to interact with some of its Suf partners. This highlights the prerequisite of protein splicing in SufB maturation and validates the SufB protein splicing as a specific molecular target for the development of novel antituberculous drugs since blocking the protein splicing process of essential proteins was proposed as a singular way to efficiently kill mycobacteria (1, 3, 6, 14) .
Construction of a sufB mutant and expression of unspliced SufB. The Rv1461 open reading frame (ORF), encoding the M. tuberculosis SufB protein, was cloned in pGADT7 and pGBKT7 vectors (Clontech) for yeast two-hybrid assays (7) . In these constructs, the Rv1461 gene was mutated in order to block the protein splicing process of the SufB precursor peptide: the asparagine residue at the C-terminal extremity of the intein sequence (position 611) and the adjacent cysteine (i.e., the first residue of the C-extein at position 612) were replaced by an aspartic acid and a valine, respectively. Site-directed mutagenesis was done using complementary oligonucleotide pairs (5Ј-TTGTAGATCGGTGCGGTGACGTCGTGCACGGCGAA CCCGT-3Ј and 5Ј-ACGGGTTCGCCGTGCACGACGTCAC CGCACCGATCTACAA-3Ј). To verify the protein splicing of the recombinant wild-type mycobacterial SufB protein when expressed in yeast and the blockage effect of the mutation, Saccharomyces cerevisiae strain AH109 (Clontech) was electrotransformed with the wild-type and mutated pGADT7 and pGBKT7 derivatives, plated, and grown at 30°C in minimal DOBA (dropout base with agar; BIO101) medium containing amino acid complement (Complete Supplement Mixture; BIO101) devoid of leucine (Leu) or tryptophan (Trp), to select transformed yeast cells. Two milliliters of a 1-day culture were harvested, yeast cells were lysed by boiling in 20 l of sodium dodecyl sulfate-polyacrylamide gel electrophoresis buffer, and proteins were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The expression of the wildtype and mutant SufB proteins, in fusion either with the hemagglutinin epitope tag (pGADT7 derivatives) or with the c-Myc epitope tag (pGBKT7 derivatives) was monitored by Western blotting using anti-hemagglutinin (Fig. 1) or anti-c-Myc (data not shown) antibodies (Sigma), respectively, and anti-mouse peroxidase-linked antibodies for immunodetection. We first ascertained the efficient protein splicing of the recombinant wild-type mycobacterial SufB protein since its apparent molecular weight confirmed the excision of the intein from the SufB precursor (Fig. 1) . Secondly, it was confirmed that, as expected from the mechanism described by Xu and Perler (16) , the mutation at the C-terminal border of the intein hinders the transesterification step of the protein splicing. Effectively, yeast cells transformed with the mutated plasmids produced a protein with an apparent molecular weight consistent with that of the full-length SufB precursor.
Interactions between wild-type and unspliced SufB and other Suf proteins. Protein-protein interactions were studied using the MATCHMAKER GAL4 Two-Hybrid System 3 from Clontech as previously described (7) . In addition to the ORF Rv1461, encoding SufB protein and its mutant, ORFs Rv1462 to Rv1466, encoding the other Suf proteins, i.e., SufDCS, a NifU-like protein, and a hypothetical Suf protein (Hyp), were cloned in the pGADT7 and pGBKT7 vectors, respectively. That allowed the expression of each mycobacterial protein fused in the C terminus to either the DNA binding domain or the transcriptional activator domain of the GAL4 transcription factor (4). The yeast strain AH109 was electrotransformed with all pairs of the pGADT7 and pGBKT7 derivatives such that one plasmid encoded the SufB protein or its mutant and the other one encoded a potential partner, allowing each protein-protein interaction to be assayed in both ways. Double transformants were selected in minimal medium devoid of Leu and Trp at 30°C. Interactions were revealed by the expression of three different reporter genes, i.e., HIS3, ADE2, and MEL1. The expression of the HIS3 and ADE2 reporter genes permits the growth of yeast in medium lacking histidine (His) and adenine (Ade), respectively. For its quantitative measurement, 3 to 6 double transformant colonies were grown overnight in the liquid medium lacking Leu and Trp only; dilutions of these cultures were plated in parallel on selective (deficient in His and Ade) and nonselective media. The percentage of the number of colonies formed (CFU) under selective versus nonselective conditions was recorded ( Table 1 ). The MEL1 reporter encodes ␣-galactosidase. Its expression was estimated by the blue intensity of the colonies grown in the presence of 20 g/ml X-␣-Gal (5-bromo-4-chloro-3-indolyl ␣-D-galactopyranoside; Clontech) in selective medium (Table 1) . In each case, these parameters were compared with those of yeast cells transformed with positive and negative control vectors. Except for yeast cells expressing the binding domain-fused Rv1466, which intrinsically acted as a transcription activator, the expression of the reporters was null in all control transformants.
As described in other organisms (10, 12, 18) , the M. tuberculosis SufB protein forms homotypic interactions; it interacts with SufC and SufD proteins, forming the SufBCD complex, and it interacts with SufS in an apparently less efficient way (Table 1 ). The unspliced SufB retains the capacity to interact with SufS and is still able to form homotypic interactions, even if weaker (the decrease was found to be significant based on the loss in blue intensity of the colonies formed when 12 different liquid cultures were plated). In contrast, the unspliced SufB is not able to interact with SufC and SufD ( Table 1 ). This suggests that the SufB protein domains involved in its dimerization and in the interactions with SufS are correctly folded in the SufB precursor. In addition, the domains implied in the interactions with SufC and SufD are either embedded by the intein or misfolded in the presence of the intein. As expected, the NifU-like protein and the hypothetical Suf protein did not appear to interact with the unspliced SufB, as was the case with the wild-type protein. By showing that the formation of the SufBCD complex is dependent upon SufB splicing, these results clearly demonstrated the crucial role of protein splicing in the maturation of the M. tuberculosis SufB protein.
Even if the function of SufBCD complex is not yet fully understood (2, 8) , several studies brought to light its major role in the SUF machinery. The high conservation of these three proteins and the phenotype analysis of sufB, sufC, and sufD mutants in several organisms (2, 9, 11, 13, 17, 18) firmly argue for the fundamental function of the three proteins forming the complex in [Fe-S] cluster biogenesis.
Since the SUF system is essential in mycobacteria, the M. tuberculosis SufBCD complex is undoubtedly a vital element. Furthermore, the mycobacterial SufBCD complex could also play a crucial function in the virulence of the human pathogen, as is the case for the plant pathogen Erwinia chrysanthemi (11) . Effectively, phenotypic and functional analyses pointed to a specific role of SufBCD in the survival of Escherichia coli and E. chrysanthemi under iron starvation and oxidative stress (11, 13) , i.e., the stressful conditions that are encountered by M. tuberculosis during infection.
In toto, the present work suggests that the maturation of an M. tuberculosis intein-containing protein is essential, validating the concept of the inhibition of protein splicing as a way to fight tuberculosis. 
